Introduction
The risk of anti-D alloimmunization in D-healthy volunteers who received D+ red blood cells (RBCs) is higher than 80% [1] [2] [3] [4] [5] [6] . According to national transfusion guidelines from many countries, D-patients should receive RBCs from D-donors. Unfortunately, in some situations, such as massive transfusion or a shortage of DRBCs, because Rh-persons represent about 0.3% in China, the transfusion of D+ RBCs to D-patients may be required. However, after transfusion of D+ RBCs to D-patients the anti-D alloimmunization is frequent [1] . Accordingly, a new strategy should be developed in order to optimize their use in China.
Routine serologic typing does not discriminate DEL from the Dphenotype, DEL phenotypes were determined on the basis of no agglutination in the indirect antiglobulin test (IAT) procedure and positive results with adsorption-elution techniques [7, 8] . The DEL phenotype arises from a mutation of the RHD gene, and more than 20 different DEL alleles have been described [4] . Molecular studies have indicated that DEL individuals retain a grossly intact D gene or a partial DEL with detectable D epitope (epD) loss [9] [10] [11] [12] [13] . D and CE poly-
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Summary Background: The D antigen is highly immunogenic, requiring only a small quantity of transfused red blood cells (RBCs) to cause alloimmunization in D-immunocompetent recipients. DEL was reported arousing alloimmunization to true Rh-patients. Molecular studies of the RHD gene have revealed that DEL individuals retain a grossly intact RHD gene or have a portion of RHD in their genomes. Avoiding immunization with clinically important antibodies is a primary objective in transfusion medicine. Methods: In order to determine whether pregnant DEL women carrying an RhD+ fetus are at risk of anti-D alloimmunization, 808 Rh-pregnant women with a history of gestations or parturitions who regularly visited hospitals for their prenatal anti-D screening and postpartum care from January 2011 to December 2012 were investigated. Samples were analyzed for DEL by PCR with specific primers, PCR-sequence-specific primers (PCR-SSP), reverse transcription-PCR (RT-PCR), PCRrestriction fragment length polymorphism (PCR-RFLP), and by gene sequencing to characterize different alleles. Results: Among the 808 Rh-pregnant women of our sample, 178 (22.0%) were typed as DEL; 168 DEL samples were confirmed to have the RHD (1,227 G>A) allele, 8 DEL samples were characterized by one base mutation of the RHD (3G >A) allele, and the remaining two DEL peptides are coded for by the highly homologous RHD and RHCE genes. Partial D variants exhibit some degree of antigenic alteration derived from RHD/RHCE gene hybridization events, in most instances accompanied by a reduction in antigen density [14] . Amino acid substitutions in extracellular stretches of the D polypeptide lead to loss of one or more epDs, rendering also partial D individuals prone to anti-D alloimmunization upon contact with normal D+ RBCs expressing the complete set of epDs [14, 15] . These reports support the possibility that a partial DEL phenotype could theoretically induce anti-D alloimmunization [9, 11, 14] . The antibody is also capable of causing severe hemolytic disease of the fetus and newborn (HDFN) in sensitized pregnant DEL women carrying an RhD+ fetus [9] . A partial D-like epitope loss has been reported in DEL phenotypes to be associated with the RHD (IVS3 + 1G>A) allele, and individuals with this phenotype can make anti-D [11] . Although these anti-D antibodies may indicate a secondary immune response, a rapid primary anti-D immunization attributed to this DEL phenotype was still possible. Our study explored whether pregnant DEL women carrying an RhD+ fetus are at risk of anti-D alloimmunization.
Material and Methods
Study Population
The present study was conducted between January 2011 and December 2012 at the Department of Blood Transfusion of Affiliated Province Hospital of Anhui Medical University, the Department of Blood Transfusion of The First Affiliated Hospital of Anhui Medical University, and the Department of Blood Transfusion of The Third Affiliated Hospital of Anhui Medical University. The three hospitals are located in the capital cities of Anhui province and are the largest tertiary hospitals in Anhui, China. Medical services provided by the three hospitals laboratories include antenatal blood group and antibody screening on more than 150,000 pregnant women per year.
Inclusion Criteria
Only pregnant DEL women carrying Rh+ fetus who declared a history of gestations or parturitions were included. The disease can become progressively more severe in subsequent pregnancies where the fetus is D+. Pregnant women with autoantibodies, a history of blood transfusion, and receiving Rh immune globulin prophylaxis were excluded from the study groups, as were women who were alloimmunized to other blood group antigens. Our study was approved by the Scientific and Ethics Committee of Anhui Medical University. Informed consent was obtained from all participants.
Rh Phenotyping
During a 2-year study period, a total of 313,250 EDTA-anticoagulated blood samples from pregnant women were collected in the three hospitals. The D antigen was determined by direct agglutination with the monoclonal anti-D in saline according to the manufacturers' instructions. Samples that were negative to anti-D in the direc t agglutination were retested by using the indirect antiglobulin test (IAT). Subsequently, all samples typed as D-with the IAT were retested for the DEL phenotype through an adsorption and elution test in tubes. Briefly, RBCs were incubated with an equal volume of polyclonal anti-D at 37 ° C for 1 h. The cells were then washed thoroughly. An eluate was prepared by using a heat elution technique. The eluates and final supernatants were used for the IATs. If the result was positive ( 1+), the sample was marked as DEL. RhC/c and E/e were determined by using monoclonal anti-C,c,E,e reagents (Gamma, Houston, TX, USA) according to the manufacturer's instructions.
Molecular Studies
Genomic DNA Extraction Genomic DNA of DEL samples was extracted from 200 μl of EDTA-anticoagulated peripheral blood samples according to the manufacturer's recommendations (QIAamp DNA Blood Mini Kit, Qiagen GmbH, Hilden, Germany). To minimize the risk of contamination, DNA was isolated under laminar airflow, and aerosol-resistant tips were used. The optical density (OD) of the purified DNA was measured using an ultraviolet spectrophotometer. The DNA was extracted once from each sample and then stored at -20 ° C until further processing within 48 h.
RHD Genotyping Amplification of RHD Exons
We devised RHD-specific primers based on intron sequences to amplify genomic DNA for 10 RHD exons 1-10. PCR was performed using a commercially available system (Expand High Fidelity Polymerase; Roche Applied Science, Basel, Switzerland). Cycling conditions for RHD exon 1 and 10 were denaturation at 95 ° C for 40 s, annealing for 40 s at 64 ° C (exons 1-4, 6, 8-10), at 60 ° C (exons 5, 7) and at 57 ° C (β-actin), and extension at 72 ° C for 1 min. The final extension was done at 72 ° C for 10 min. Amplified DNA products were visualized by electrophoresis in a 1.5% agarose gel with ethidium bromide staining and photographed under UV light. β-actin gene was used as an internal control.
DNA Sequencing
The complete RHD exons 1-10 including adjacent intron regions were sequenced from PCR products using the respective PCR primers with an ABI PRISM 3730 automated sequencer (Applied Biosystems ® ; Life Technologies Carlsbad, CA, USA). The nucleotide and deduced amino acid sequences were analyzed and compared with the published sequences. D specificities of primers used for exon amplification and sequencing were identical and are listed in table 1.
PCR-SSP and cDNA Sequencing to Determine RHD-CE-D Hybrid Alleles
For RHD and RHCE genotyping, testing for different partial and weak D variants and determination of the RHD zygosity of investigated and control blood samples, a PCR-SSP was performed with commercially available typing kits (CDE, weak D, RHd, Inno-Train). Kit 'CDE' is capable of properly identifying RHD-CE-D hybrid alleles by detecting RHD-specific DNA sequences in the 5'-untranslated region and exons 2, 3, 4, 5, 6, 7, 9, and 10 of RHD and RHC, RHc (intron1 and exon 2) and RHE, RHe (exon 5) of RHCE as described previously [16] .
Total RNA was isolated with reagent (Trizol; Invitrogen TM , Life Technologies). RNA integrity and quantity was assessed by measuring the OD at 260 and 280 nm with the NANO DROP 2000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA). Reverse transcription with random hexamer primers was performed with the PrimeScript TM RT Master Mix kit (Takala, Dalian, China) following manufacturer's instructions. Amplification of cDNA was performed on a thermocycler T Gradient (Biometra, Göttingen, Germany) with Primer a 5'-CACAGGATGAGCTCTAAGTAC-3' located at the 5' end of RHD/RHCE and Primer b 5'-TAAATGGTGAGATTCTCCTC-3' located in RHD 3' noncoding sequence or with Primer c 5'-CAAATCTGTCTCTGACCTTGTTTC-3' located in RHCE 3' noncoding sequence. Samples were submitted to an initial denaturation step (5 min at 94 ° C), followed by 35 amplification cycles (45 s at 94 ° C; 45 s at 50 ° C; 1 min at 72 ° C) and a final elongation step of 10 min at 72 ° C. PCR products were sequenced by a genetic analyzer. Results were compared with the published sequences.
PCR-RFLP for RHD Zygosity Determination
According to the method published by Wagner and Flegel [17] , a PCR amplification was performed by using the expand high-fidelity PCR system with primers rez7 (consensus, 5' of the Rh box identity region) and rnb31 (specific for downstream of the Rh box, 3' of the Rh box identity region). PCR products were digested with PstI for 3 h at 37 ° C, and the fragments were resolved by electrophoresis on a 1% agarose gel.
Lookback
The antibody screening in the pregnant DEL women was performed using fully automated Johnson gel technology using erythrocyte screen cells (Shanghai Blood Center, Shanghai, China). Erythrocyte panels were performed to confirm allo-anti-D specificity (Immucor Inc, Norcross, GA, USA, or Sanquin Reagents, Amsterdam, the Netherlands). After confirmation of the maternal allo-anti-D, routine serological typing of her husband and the newborn was made. The newborn's total bilirubin concentration and reticulocyte count was measured, and an anti-D elution test and a direct antiglobulin test of cord blood were done.
Results
Serologic Studies
In this prospective study, the 808 blood samples of D-pregnant women reacted negatively with the IgM monoclonal anti-D in saline. Using the IAT and the adsorption and elution test, a total of 178 DEL samples was found. Their phenotypes of RhC/c and E/e were displayed in table 2.
Molecular Characterization of DELs
A total of 168 samples were determined by sequencing to carry the RHD 1227G>A allele, and the variant shows a silent nucleotide change at the exon boundary. Eight DEL samples were characterized by one base mutation of the RHD (3G>A) allele, codon 1- The 260/280 nm ratios of the samples were >1.8. Sample purity was confirmed by electrophoresis on an agarose gel. All samples contained 18S and 28S ribosomal RNA peaks with no visible degradation products (fig. 1A) . The results of RT-PCR are shown in figure 1B. Nucleotide sequencing from their cDNA was performed to show that the two RHD-CE-D hybrid alleles did not harbor any additional variation. No novel allele was found in the retrospective study. Frequencies and respective 95% confidence intervals (95% CIs) for the alleles encountered in this study are given in table 3.
RHD Zygosity Determination
All 178 DEL samples presented with Rh box zygosity. 19 samples, including 16 samples with RHD (1,227G>A) allele and 3 samples carrying RHD (3G>A), were found to be RHD+/RHD+ homozygotes by PCR-RFLP analysis. The rest of the 159 samples including 2 samples with the RHD-CE-D hybrid allele, 5 samples with RHD (3G>A), 152 samples carrying RHD (1,227G>A) allele were RHD+/RHD-hemizygous. The associated serological data are described in table 4.
Complete DEL Is Not at Risk of Anti-D
There are 56 ethnic groups in China. More than 90% of the population is Han ethnicity; the rest of the population is composed of 55 minority groups. Of all 178 pregnant DEL women in this prospective study, 70 women were excluded from the study group (table 5) because they did not meet the above mentioned inclusion criteria. All 108 pregnant women were Han Chinese aged 21-41 years at the time of testing. In this cohort, 101 samples (93.5%) showed a RHD (1,227G>A) mutation, 5 samples (4.6%) were determined to carry RHD (3G>A) allele in RHD exon 1, and the remaining 2 samples (1.9%) showed the characteristics of the RHD-
CE(4-9)-D or RHD-CE(2-5)-D hybrid gene. The 2 women carrying the RHD-CE-D hybrid developed allo-anti-D, and their children developed mild hemolytic disease of the newborn (table 6).
Prospective Transfusion Policy of DEL Patients in Chinese Han
Indications for mandatory use of D-RBCs: DEL patients with anti-D antibody or carrying partial DEL allele. Indications for recommended use of D-RBCs: women of childbearing age carrying a complete DEL allele, under-age children (<18 years). Indications for acceptable use of D+ RBCs: massive transfusion patients, adult men (>18 years) and women of non-childbearing age with no detectable anti-D antibody in case of insufficient D-RBCs in stock.
Discussion
If RBC units of D+ were transfused to DEL recipients, the clinical consequences are of current interest in China. Molecular studies have shown that a heterogeneous array of variant RHD alleles can result in the DEL phenotype [10, [18] [19] [20] [21] [22] [23] . DEL derives from several mechanisms, including splice-site mutation, missense mutation, RHD-CE-D hybrid, frame shift mutation, and a long deletion of the RHD gene [14, [24] [25] [26] [27] [28] . RHD (IVS3 + 1G>A) is a DEL allele that has only been observed in Caucasians. RHD (1,227G>A) and RHD (IVS3 + 1G>A) belong to splice-site mutation type [11, 12] . RHD (M295I, 885G>T) is a missense mutation, RHD (X418 L) is frame shift mutation [12, 29] . RHD (del Ex8) and RHD (del Ex9) alleles are classified as long deletions of the RHD gene [26, 28] , and RHD (del Ex9) is now determined to be nonexistent but resulted from a misinterpretation of data on RHD (1,227G>A) [12, 27] . RHD-CE(4-9)-D belongs to RHD-CE-D hybrid gene [14, [30] [31] [32] . Körmöczi and colleagues [9] proposed that DEL phenotypes should be divided into two subtypes: complete types where the majority of epDs are conserved such as RHD (1,227G>A) and partial D-like variants with characteristic epD loss caused by either RHD-CE-D hybrid genes or RHD point mutations RHD (IVS3 + 1G>A) affecting extracellular RhD loops. The distinction between complete and partial D is of clinical importance, because only partial D individuals exhibit a tendency to anti-D alloimmunization [9, 11, 14] . So far, no report was available that pregnant women with RHD-CE-D hybrid DEL genes carrying D+ fetus developed allo-anti-D. In this prospective study, the two pregnant women who were typed as DEL carrying RHD-CE(4-9)-D and RHD-CE(2-5)-D had anti-D alloimmunization. One might speculate that a limited variety of antibody epitope specificity in the two variants is associated with a lower propensity for hemolytic activity because the HDFN was rather mild in relation to the anti-D titer in the two cases reported here. Anti-D alloimmunization in DEL individuals may in fact not be a very rare case; a predisposition to allo-anti-D formation requires epD loss and may therefore likely be partial DEL type-specific [9] . However, this speculation requires confirmation by more case reports because the correlation between anti-D titer and severity of HDFN is weak. Anti-D often persists for a long time and may even be found several decades after initial formation. Whether the two pregnant DEL women elicited primary immunization or secondary immune response is not yet proven as an unnoticed and uncompleted D+ pregnancy could not be excluded as the primary immunization event. In particular, the RHD+/RHD-hemizygote has the potential of stimulating anti-D at least in secondary immunizations. A few instances of primary immunization have also been reported. In the two anti-D cases, a positive direct antiglobulin test was detected in the newborns. Of these one received small-volume RBC transfusions and phototherapy, the other one was treated only with phototherapy. The RHD (1,227G>A) DEL phenotypes type may not be prone to anti-D alloimmunization after exposure to 'regular' D+ RBCs [10, 33] . Shao et al. [10] reported no anti-D isoimmunization among 44 women with RHD (1,227G>A) who had not received prophylactic anti-D, providing supportive evidence that the epDs are conserved. So we propose to identify patients carrying RHD (1,227G>A) and RHD (3G>A) DEL alleles as these patients can receive Rh+ units if necessary. Likewise, pregnant women carrying complete DEL variants RHD (3G>A) and RHD (1,227G>A) might not be stimulated to make allo-anti-D in response to an Rh+ fetus. Wagner et al. [15] found a new RHD allele in a lookback initiated after an unexplained anti-D immunization event. The DEL phenotype expressed by this RHD (IVS5-38del4) allele elicited a rapid anti-D immune response. However, Von Zabern et al. [34] reported four samples carrying RHD (IVS5-38del4) that does not cause a DEL phenotype; the deletion has no influence on D antigen expression at all, and an association of this 4 bp deletion with the DEL phenotype was excluded.
Our prior policy concerned the use of D-RBCs in DEL recipients and insufficient D-RBCs in stock. The implementation of the new policy will result in a significant change in the use of D-RBCs. The new policy will reduce the consumption of D-RBCs by about 1,560 units/year in the three hospitals. The number of units saved is significant given the demand to obtain Rh-blood for transfusion recipients who are truly at risk of making allo-anti-D. The DEL variant is linked to the C antigen, which permits the rapid exclusion of the DEL variant during recipient pre-transfusion testing. In those apparent Rh-/C+ individuals, the RHD (1,227 G>A) and RHD (3G>A) alleles, which were the two most frequent DEL alleles in Chinese Han ethnicity, could be detected by PCR-SSP simply and precisely.
Anti-D in pregnant women with the partial DEL phenotype has caused HDFN, but there are no universally accepted guidelines for Rh immunoprophylaxis in DEL variant women. The clinical management of patients carrying DEL phenotypes is based on the predicted clinical relevance: it is recommended that patients carrying complete DEL types could be transfused with D+ blood. Likewise, pregnant women should not receive anti-D prophylaxis (RhIg) if they carry one of these complete DEL types. In contrast, patients and pregnant women who carry one of the partial DEL types should receive transfusion of D-blood or receive RhIg or both.
To the best of our knowledge this is the first paper in which a transfusion policy concerning the use of D+ RBCs in DEL patients is prospectively evaluated. In conclusion, our study shows that the use of D+ RBCs in selected DEL patients carrying complete epDs is justified and may be highly beneficial for institutions.
